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HIGHLIGHTS 


►  Al— Cu  (2—5  wt.%)  alloys  are  designed  for  fast  H2  generation  from  hydrolysis. 

►  Designed  Al— Cu  alloys  have  noble  Al2Cu  phase  along  the  grain  boundary. 

►  Al-5  wt.%  Cu  alloy  exhibits  about  5  times  greater  H2  production  rate  than  pure  Al. 

►  It  is  due  to  the  combined  action  of  galvanic  corrosion  and  intergranular  corrosion. 

►  When  supplying  H2  produced  from  this  system  to  PEMFC,  it  is  operated  stably. 
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Al-Cu  alloys  containing  various  amounts  of  Cu  (2-5  wt.%)  are  designed  to  increase  the  hydrogen 
production  rate  in  an  alkaline  solution  by  precipitating  the  electrochemically  noble  Al2Cu  phase  along 
the  grain  boundary.  All  of  the  Al-Cu  alloys  exhibit  a  microstructure  with  Al2Cu  precipitates,  which  is 
electrochemically  noble  to  Al  in  an  alkaline  solution,  along  the  grain  boundary.  The  hydrogen  generation 
rate  of  Al— Cu  alloys  increases  as  the  amount  of  Cu  increases,  and  the  Al-  5  wt.%  Cu  alloy  exhibits  a  4.7 
times  greater  hydrogen  generation  rate  than  that  of  pure  Al.  This  significant  increase  in  hydrogen 
generation  is  affected  by  the  combined  action  of  galvanic  corrosion  and  intergranular  corrosion.  When 
hydrogen  produced  by  the  hydrolysis  of  Al-Cu  alloys  is  directly  fed  to  a  polymer  electrolyte  membrane 
fuel  cell  (PEMFC)  anode,  the  cell  voltage  exhibits  a  stable  value  of  approximately  0.73  V  without 
a  humidifier. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

An  on-board  hydrogen  production  system  has  many  advantages 
in  terms  of  supplying  hydrogen  because  it  eliminates  the  need  for 
hydrogen  storage.  In  the  last  ten  years,  chemical  hydrides  such  as 
NaBH4  [1-4],  LiBH4,  NaAlH4,  and  NH3BH3  [5-8]  have  received 
much  attention  as  on-board  hydrogen  production  materials  due  to 
their  high  hydrogen  production  density.  However,  their  high  cost 
has  been  a  limiting  factor  for  commercial  applications.  Recently,  the 
on-board  hydrogen  production  method  involving  the  hydrolysis  of 
electrochemically  active  metals,  such  as  aluminum  (Al  [9—23],  Na 
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[24],  Mg  [25],  Zn  [26],  etc.),  have  been  studied  by  many  researchers 
because  they  are  more  economical  compared  with  chemical 
hydrides.  Among  the  active  metals,  aluminum  has  a  higher 
hydrogen  production  density  (3.7  wt.%  H2)  from  hydrolysis  than 
other  active  metals  (Mg:  3.3  wt.%  H2,  Na:  2.4  wt%  H2,  Zn:  2.0  wt.% 
H2)  because  it  is  light  and  has  high  oxidation  states  of  +3.  The 
reaction  of  Al  hydrolysis  in  an  alkaline  solution  can  be  expressed  by 
Eq.  (1)  [9]: 

A1+3H20  Al(OH)3  +  3/2H2  (1) 

In  previous  reports  [9-23],  most  researchers  have  used  Al  or  Al 
alloys  in  powder  form  for  hydrolysis  in  alkaline  and  neutral  solu¬ 
tion,  which  yielded  very  high  hydrolysis  rates  due  to  the  large 
surface  area  of  Al  powders.  However,  it  is  very  difficult  to  store  the 
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Al  and  Al  alloy  powders  safely  because  they  are  explosive  when  in 
contact  with  moisture  or  a  small  amount  of  heat.  In  addition,  they 
are  quite  expensive  due  to  the  complex  manufacturing  process 
required  to  produce  them.  Accordingly,  the  development  of  safe  Al 
and  Al  alloys  in  bulk  form  with  a  high  hydrogen  generation  rate  has 
proven  to  be  a  challenge. 

It  is  notable  from  Eq.  (1)  that  the  hydrogen  generation  rate  is 
equivalent  to  the  dissolution  rate  or  corrosion  rate  of  Al  metal  to  Al 
ion  (Al3+).  Accordingly,  the  corrosion  rate  of  Al  should  be  increased 
to  increase  the  hydrogen  generation  rate  from  the  hydrolysis 
reaction.  Eom  et.  al.  [27,28]  have  reported  that  fast  hydrogen 
generation  from  the  hydrolysis  of  Al  in  an  alkaline  solution  was 
achieved  by  precipitating  an  electrochemically  noble  phase  (A^Fe) 
along  the  grain  boundaries  in  bulk  Al-Fe  alloy,  thereby  causing  the 
combined  action  of  galvanic  corrosion  and  intergranular  corrosion. 
Despite  the  fact  that  a  small  amount  of  Fe  (1  wt.%)  was  alloyed  with 
Al,  the  hydrogen  generation  rate  was  significantly  increased  3.7 
times  than  that  of  pure  Al  [27].  Furthermore,  the  on-board 
hydrogen  production  system  using  hydrolysis  by  bulk  (sheet) 
Al-Fe  alloy  could  be  used  to  operate  PEMFC  stably,  because  it  had 
enough  hydrogen  production  kinetics  despite  the  Al  alloy  was  in 
bulk  form  (sheet)  [29]. 

On  the  other  hand,  it  is  known  that  the  AI2Q1,  A^Ni,  AleMn,  or 
Al8Mg5  phases  are  also  electrochemically  noble  intermetallic 
compounds  of  Al  alloys  [30].  Hence,  the  aforementioned  alloys  may 
also  exhibit  faster  hydrogen  production  than  pure  Al  via  the  above- 
mentioned  strategy.  In  this  work,  Cu  was  used  as  the  alloying 
element  for  Al  for  economic  reasons.  Cu  is  cheaper  than  different  Al 
alloying  elements  such  as  Ni,  Mn,  and  Mg.  Moreover,  the  Al— Cu 
alloys  is  the  best  Al  alloys  to  use  practically  because  it  is  easy  to 
obtain  waste  Al  alloy  scraps  containing  Cu  with  very  low  price  from 
the  fact  that  Cu  is  a  major  alloying  element  for  most  of  the  Al  alloys. 
In  addition,  based  on  the  phase  diagram,  the  Al2Cu  phase  can  be 
easily  precipitated  along  the  grain  boundary  of  the  Al— Cu  alloy  [31  ]. 
In  this  present  work,  the  effects  of  the  amount  of  Cu  in  Al-Cu  alloys 
on  the  microstructures  and  their  hydrogen  generation  kinetics  in 
an  alkaline  solution  were  examined  to  design  Al— Cu  alloys  with 
a  high  hydrolysis  rate  from  the  combined  action  of  galvanic 
corrosion  and  intergranular  corrosion.  The  feasibility  of  the  on¬ 
board  production  of  hydrogen  from  the  hydrolysis  of  Al-Cu  alloys 
for  PEMFCs  was  also  investigated. 

2.  Experimental 

2.1.  Preparation  of  materials 

Al-Cu  alloys  containing  various  amounts  of  Cu  (0-5  wt.%  Cu) 
were  prepared  from  commercial  pure  Al  (99.9%)  and  Al-Cu  master 
alloy  (Al2Cu).  To  fabricate  casting  Al-xCu  alloys  (x  =  2—5  wt.%),  pure 
Al  and  the  Al-Cu  master  alloy  were  melted  at  800  °C.  Afterward, 
the  fused  alloys  were  poured  into  a  stainless  steel  mold  and  air 
cooled  to  20  °C  in  the  mold.  The  specimens  for  the  hydrogen 
generation  test  were  prepared  by  cutting  the  bulk  form  into 
2x2x1  cm3  samples.  The  exposed  surface  area  of  all  of  the 
specimens  was  kept  constant  at  16  cm2. 

2.2.  Measurement  of  the  hydrogen  generation  rate 

The  hydrogen  generation  test  was  performed  in  50  ml  of  10  wt.% 
NaOH  solution  at  30  °C.  The  volume  of  hydrogen  gas  generated 
from  the  hydrolysis  of  the  Al-Cu  alloys  was  measured  by  a  mass 
flow  meter  (MFM).  The  reactor  was  immersed  in  a  water  bath  to 
keep  the  solution  temperature  constant,  and  no  stirring  was  per¬ 
formed  in  the  reactor. 


2.3.  Physical  and  electrochemical  analysis 

The  surface  morphologies,  chemical  compositions,  and  phase 
structures  of  the  Al-Cu  alloys  were  analyzed  using  scanning  elec¬ 
tron  microscopy  (SEM),  energy  dispersive  spectroscopy  (EDS),  and 
X-ray  diffraction  (XRD).  The  electrochemical  properties,  such  as  the 
polarization  behavior  and  the  galvanic  corrosion  of  the  Al-Cu 
alloys,  were  analyzed  by  a  potentiodynamic  (PD)  test  and  a  zero 
resistance  ammeter  (ZRA)  test  using  a  potentiostat  (EG  &G  273). 

2.4.  PEMFC  single-cell  preparation  and  operation 

The  feasibility  of  on-board  hydrogen  production  from  the 
hydrolysis  of  Al-Cu  alloys  in  a  PEMFC  was  investigated  by  a  single¬ 
cell  test.  A  single  cell  was  assembled  with  a  commercial  membrane 
electrode  assembly  (MEA,  GORE™),  gas  diffusion  layers  (GDL,  SGL 10 
BC),  graphite  bipolar  plates  with  serpentine  flow  fields,  and 
aluminum  end  plates.  The  geometric  active  area  of  the  MEA  was 
5x5  cm2,  and  the  Pt  loading  in  the  catalyst  layer  was  0.4  mg  cm-2.  To 
activate  the  MEA,  the  assembled  single  cell  was  operated  at  0.4  V  for 
24  h  using  hydrogen  and  air  with  an  RH  of  100%.  After  the  activation 
process,  the  anode  inlet  of  the  single  cell  was  connected  directly  with 
the  hydrogen  generation  reactor,  and  then  hydrogen  gas  generated 
from  the  hydrolysis  of  Al-Cu  alloys  was  fed  to  the  anode. 

3.  Results  and  discussion 

3.1.  Microstructures  of  Al-Cu  alloys 

Fig.  1  shows  the  surface  morphologies  of  the  Al-x  wt.%  Cu  alloys 
(x  =  2, 3,  5)  after  chemical  etching  for  30  s  in  Kroll’s  reagent  (92  ml 
D.I.  water  +  6  ml  HNO3  +  2  ml  HF).  All  of  the  Al-Cu  alloys  have  some 
precipitates  formed  along  the  grain  boundary,  but  there  are  some 
morphology  changes  as  the  amount  of  Cu  increases.  As  the  amount 
of  Cu  in  the  Al-Cu  alloy  increases,  the  amount  of  precipitates 
increases,  and  the  average  grain  size  becomes  smaller  from  about 
100  to  50,  30  pm.  As  shown  in  Fig.  1(d),  the  gray  grain  region  was 
composed  of  only  100  at.%  Al,  and  the  white  precipitates  along  the 
grain  boundary  were  composed  of  81.2  at.%  Al  and  18.8  at.%  Cu,  based 
on  the  EDS  results.  The  white  precipitate  is  predicted  to  be  the 
eutectic  that  forms  in  between  the  dendrites  as  fine  lamellae  of  Al 
and  A12Cu  because  Al2Cu  is  the  only  intermetallic  compound  in  the 
Al  and  Cu  binary  alloy  system,  based  on  the  phase  diagram.  The 
phase  structure  of  the  precipitate  was  confirmed  by  XRD  analysis. 
Fig.  2  shows  the  XRD  pattern  of  the  Al-5  wt.%  Cu  alloy  at  26  =  20-70°. 
Except  for  peaks  corresponding  to  Al,  some  peaks  corresponding  to 
A12Cu  phase  were  detected  at  26  =  20-50°,  as  expected. 

3.2.  Electrochemical  analysis  of  the  Al—Cu  alloys 

Galvanic  corrosion  [32]  occurs  when  two  dissimilar  metals  with 
different  corrosion  potentials  (Eco rr)  are  connected  electrically  in 
a  solution.  Then,  the  electrochemically  active  metal  or  the  metal 
with  a  lower  corrosion  potential  is  corroded  preferentially,  while 
the  electrochemically  noble  metal  is  protected  from  corrosion. 
Furthermore,  as  the  difference  in  the  corrosion  potential  between 
two  dissimilar  metals  increases,  the  corrosion  rate  of  the  more 
active  metal  increases.  Fig.  3(a)  shows  potentiodynamic  polariza¬ 
tion  curves  of  the  Al  and  Al2Cu  phases  measured  in  0.1  M  NaOH 
solution  at  30  °C.  As  shown  in  Fig.  3(a),  the  corrosion  potential 
(Fcorr)  of  the  A12Cu  phase  is  -1.3  Vsce,  which  is  0.49  V  more  noble 
than  the  FCorr  of  Al  (-1.79  I/sce).  Therefore,  the  Al  phase  acts  as  an 
anode  site,  and  the  Al2Cu  phase  acts  as  a  cathode  site  to  generate 
hydrogen  gas  in  the  Al-Cu  alloys,  which  may  accelerate  the 
corrosion  rate  of  Al.  The  measured  corrosion  current  densities  of 
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Fig.  1.  SEM  images  of  Al-x  wt.%  Cu  (x  =  (a)  2  wt.%,  (b)  3  wt.%,  (c)-(d)  5  wt.%)  after  chemical  etching  for  30  s  in  Kroll’s  reagent. 


the  Al  and  Al2Cu  phases  are  iCOrr  (Al)  =  1.98  mA  cm-2  and  iCOrr 
(A12Cu)  =  1.24  mA  cm-2.  The  Al2Cu  phase  is  more  stable  in  an 
alkaline  solution  than  the  Al  phase.  To  confirm  the  effects  of 
galvanic  corrosion  between  Al  and  Al2Cu  precipitates  in  the  Al-Cu 
alloy,  a  ZRA  test  was  conducted  in  a  0.1  M  NaOH  solution  at  30  °C.  As 
shown  in  Fig.  3(b),  the  current  density  due  to  hydrogen  generation 
on  the  cathodic  site  was  increased  from  1.98  (iCOrr  (Al))  to 
3.80  mA  cm-2  (iC0Upie  (A1-A12Cu))  by  galvanic  coupling  of  the  Al 
phase  to  the  Al2Cu  phase.  The  current  density  is  1.9  times  greater 
than  that  of  pure  Al  without  galvanic  coupling  of  the  Al  and  Al2Cu 
phases.  Therefore,  it  is  expected  that  the  hydrogen  generation  rate 
from  hydrolysis  would  be  increased  approximately  1.9  times  by  the 
effects  of  galvanic  corrosion  between  Al  and  Al2Cu  precipitates  in 
the  Al-Cu  alloys. 

3.3.  Hydrogen  generation  kinetics  of  Al-Cu  alloys 


Fig.  4  shows  the  effects  of  the  amount  of  Cu  in  Al-Cu  alloys  on 
the  hydrogen  generation  kinetics  of  the  hydrolysis  reaction  in 


Fig.  2.  XRD  patterns  of  the  Al-5  wt.%  Cu  alloy. 


Fig.  3.  (a)  The  potentiodynamic  polarization  curve  of  pure  Al  (99.9%)  and  Al2Cu  at 
30  °C  in  a  0.1  M  NaOH  solution,  (b)  The  zero  resistance  ammeter  (ZRA)  curve  for  pure 
Al  (99.9%)  and  Al2Cu  at  30  °C  in  a  0.1  M  NaOH  solution  for  the  galvanic  corrosion  test. 
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Fig.  4.  Effects  of  the  amount  of  Cu  on  the  hydrogen  generation  kinetics  for  the 
hydrolysis  of  Al-x  wt.%  (x  =  0, 2, 3,  and  5)  Cu  alloys  in  a  10  wt.%  NaOH  solution  at  30  °C. 


Table  1 

The  average  hydrogen  generation  rates  over  20  min  as  a  function  of  the  initial 
surface  area  of  the  Al— Cu  alloys  containing  various  amounts  of  Cu  (0—5  wt.%)  from 
the  hydrolysis  reaction  in  a  10  wt.%  NaOH  solution  at  30  °C. 


Samples 

Average  hydrogen 
generation  rate/ml  min  1  cm-2 

Al 

2.8 

Al-2  wt.%  Cu 

9.8 

Al-3  wt.%  Cu 

11.4 

Al-5  wt.%  Cu 

12.5 

a  10  wt.%  NaOH  solution  at  30  °C.  The  average  hydrogen  generation 
rates  over  20  min  as  a  function  of  the  initial  surface  area  of  the 
Al-Cu  alloys  containing  various  amounts  of  Cu  (0-5  wt.%)  are 
reported  in  Table  1.  As  shown  in  Fig.  4,  as  the  amount  of  Cu  in  the 


Al-Cu  alloys  was  increased  from  0  to  2,  3,  and  5  wt.%,  the  average 
hydrogen  generation  rate  from  Al  hydrolysis  significantly  increased 
from  2.80  to  9.80,  11.41,  and  12.53  ml  min-1  cm-2.  The  hydrogen 
generation  rate  of  Al-5  wt.%  Cu  alloy  is  4.7  times  higher  than  that  of 
pure  Al,  and  it  is  much  greater  than  the  increase  in  the  ratio  of  the 
cathodic  current  density  corresponding  to  the  generation  of 
hydrogen  caused  by  the  galvanic  coupling  of  the  Al  and  Al2Cu 
phases  (1.9  times).  The  rate  is  also  greater  than  previous  results 
using  an  Al-Fe  alloy  (3.7  times)  [27].  The  Al-2  and  3  wt.%  Cu  alloys 
also  exhibited  a  greater  increase  in  the  hydrogen  generation  rate 
than  the  galvanic  corrosion  test  results:  3.7  and  4.3  times,  respec¬ 
tively.  Accordingly,  it  is  assumed  that  the  hydrolysis  of  Al— Cu  alloys 
would  be  affected  by  not  only  galvanic  corrosion  between  Al  and 
A12Cu  precipitates  within  the  Al-Cu  alloys  but  also  by  increases  in 
the  reaction  area  due  to  intergranular  corrosion  along  grain 
boundaries.  The  corrosion  behavior  of  the  Al-Cu  alloys  in  the 
alkaline  solution  will  be  discussed  in  detail. 

3.4.  Corrosion  behavior  of  Al-Cu  alloys  during  hydrolysis 

Fig.  5  shows  SEM  images  of  Al  and  Al-Cu  alloys  after  hydrolysis 
for  10  min  in  a  10  wt.%  NaOH  solution  at  30  °C.  As  shown  in  Fig.  5(a), 
the  Al  shows  a  smoothly  dissolved  surface  with  randomly  distrib¬ 
uted  shallow  holes.  In  contrast,  the  Al-Cu  alloys  (Fig.  5(b)-(d)) 
show  cracked  structures  along  the  grain  boundary  due  to  inter¬ 
granular  corrosion  during  the  hydrolysis  reaction.  The  reason  why 
intergranular  corrosion  occurs  in  the  Al-Cu  alloys  is  that  the  Al 
phase  near  the  Al2Cu  phase  that  precipitated  along  the  grain 
boundaries  was  preferentially  dissolved  during  the  hydrolysis 
reaction  due  to  galvanic  coupling  of  Al  (anode)  and  the  noble 
precipitate  (cathode).  The  cracks  that  formed  along  the  grain 
boundaries  via  intergranular  corrosion  propagated  into  the  Al— Cu 
alloys  as  the  hydrolysis  time  increased,  as  shown  in  Fig.  6(a).  As  the 
hydrolysis  time  increased  further,  wide  and  deep  cracks  approxi¬ 
mately  200  pm  wide  were  formed  with  a  large  exposure  area,  as 
shown  in  Fig.  6(b).  It  is  assumed  that  the  production  and  propa¬ 
gation  of  cracks  due  to  intergranular  corrosion  could  induce  an 
increase  in  the  hydrolysis  rate  by  increasing  the  exposed  reaction 


Fig.  5.  SEM  images  of  Al-x  wt.%  Cu  (x  =  (a)  0  wt.%,  (b)  2  wt.%,  (c)  3  wt.%,  and  (d)  5  wt.%)  after  hydrolysis  for  10  min  in  a  10  wt.%  NaOH  solution  at  30  °C. 
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Fig.  6.  SEM  images  of  Al-5  wt.%  Cu  after  hydrolysis  for  (a)  15  min  and  (b)  30  min  in 
a  10  wt.%  NaOH  solution  at  30  °C. 


area.  As  discussed  in  Section  3.1,  the  amount  of  precipitates  along 
the  grain  boundary  increased  as  the  amount  of  Cu  increased,  which 
led  to  an  increase  in  the  contact  area  between  the  Al  and  Al2Cu 
precipitates  in  the  Al-Cu  alloys.  Therefore,  the  significant  increase 
in  the  hydrogen  generation  rate  of  Al-5  wt.%  Cu  alloy  is  due  to  the 
combined  action  of  galvanic  corrosion  and  increased  intergranular 
corrosion  due  to  the  large  contact  area  between  Al  and  Al2Cu 
precipitates.  The  effects  of  galvanic  corrosion  on  the  hydrogen 
generation  rate  would  be  equal  for  all  of  the  Al-Cu  alloys,  but  the 
effects  of  intergranular  corrosion  could  vary  as  a  function  of  the 
microstructure  changes  caused  by  the  changes  in  the  amount  of  Cu. 


3.5.  PEMFC  operation 

Fig.  7(a)  shows  the  current-voltage  ( I—V )  curve  of  a  single  PEM 
cell  operated  from  supplying  the  hydrogen  generated  from  the 
hydrolysis  of  a  14-g  sheet  of  Al— Cu  alloy  in  a  10  wt.%  NaOH  solution 
at  40  °C.  The  cell  voltage  is  0.74  V  at  10  A  without  humidification. 
Fig.  7(b)  shows  the  cell  voltage  curves  at  a  constant  load  of  10  A  for 
the  single  cell  at  the  same  hydrogen  supply  conditions.  The  cell 
voltage  exhibited  a  stable  value  of  approximately  0.73  V  for  32  min. 
After  that,  the  cell  voltage  decreased  slightly  from  0.73  to  0. 67  V  for 
about  5  min  and  then  decreased  drastically  to  0  V  for  a  few  min. 
This  might  decrease  the  hydrogen  generation  rate  to  below  SR  1.0 
(116  ml  min-1)  after  approximately  35  min  [29].  However,  the 
designed  Al-Cu  alloys  in  this  study  have  high  enough  hydrogen 
production  rates  to  operate  a  PEMFC  successfully  without 
a  humidifier.  The  utilization  ratio  of  the  Al-Cu  alloys  to  the  quantity 
of  electricity  was  calculated  to  about  16.1%. 


Fig.  7.  (a)  The  I—V  curve  and  (b)  the  cell  voltage  profile  measured  at  a  constant  current 
load  (10  A)  for  a  PEMFC  single  cell  when  hydrogen  generated  by  the  hydrolysis  of 
Al-Cu  alloys  is  directly  fed  to  the  PEMFC  anode. 


4.  Conclusions 

Al— Cu  alloys  containing  various  amounts  of  Cu  were  designed  to 
achieve  a  fast  hydrogen  generation  rate  in  an  alkaline  solution  by 
precipitating  the  electrochemically  noble  Al2Cu  phase  along  the 
grain  boundary.  The  amount  of  Al2Cu  precipitates  increased  and  the 
grain  size  became  smaller  as  the  amount  of  Cu  increased.  The  Al2Cu 
phase  is  nobler  than  Al  in  the  alkaline  solution.  The  corrosion 
potentials  (ECorr)  of  the  Al2Cu  and  Al  phases  are  -1.3  Vsce  and  -1.79 
Vsce*  respectively,  in  a  0.1  M  NaOH  solution  at  30  °C.  The  cathodic 
current  density  corresponding  to  the  generation  of  hydrogen  was 
increased  1.9  times  higher  than  the  pure  Al  by  galvanic  coupling  of 
the  Al  and  Al2Cu  phases.  The  Al-5  wt.%  Cu  alloy  exhibited  a  4.7 
times  higher  hydrogen  generation  rate  than  that  of  pure  Al  in 
a  10  wt.%  NaOH  solution  at  30  °C.  This  excellent  hydrogen  gener¬ 
ation  rate  of  the  Al-Cu  alloys  results  from  the  combined  effects  of 
galvanic  corrosion  and  increased  intergranular  corrosion  due  to  the 
large  contact  area  between  the  Al  and  Al2Cu  precipitates.  The 
contribution  of  galvanic  corrosion  is  equal  in  all  of  the  Al-Cu  alloys, 
but  the  magnitude  of  the  intergranular  corrosion  varied  with  the 
microstructure  changes  that  were  caused  by  changes  in  the  amount 
of  Cu.  When  the  hydrogen  generated  by  the  hydrolysis  of  Al— Cu 
alloys  is  directly  fed  to  a  PEMFC  anode,  the  cell  voltage  exhibited 
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a  stable  value  of  approximately  0.74  V  without  a  humidifier. 
Therefore,  an  on-board  hydrogen  production  method  using  the 
hydrolysis  of  the  Al  alloys  described  in  this  study  could  be  designed 
for  successful  PEMFC  operation. 
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